We identified complex genomic rearrangements consisting of intermixed duplications and triplications of genomic segments at the MECP2 and PLP1 loci. These complex rearrangements were characterized by a triplicated segment embedded within a duplication in 11 unrelated subjects. Notably, only two breakpoint junctions were generated during each rearrangement formation. All the complex rearrangement products share a common genomic organization, duplication-inverted triplicationduplication (DUP-TRP/INV-DUP), in which the triplicated segment is inverted and located between directly oriented duplicated genomic segments. We provide evidence that the DUP-TRP/INV-DUP structures are mediated by inverted repeats that can be separated by >300 kb, a genomic architecture that apparently leads to susceptibility to such complex rearrangements. A similar inverted repeat-mediated mechanism may underlie structural variation in many other regions of the human genome. We propose a mechanism that involves both homology-driven events, via inverted repeats, and microhomologous or nonhomologous events.
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In clinical implementation of tiling-path high-resolution comparative genomic hybridization arrays (aCGH), complex genomic rearrangements, including triplications, are often observed. Despite the clinical relevance of genomic triplications encompassing dosage-sensitive genes to both diagnosis and prognosis, the molecular mechanism(s) for triplication formation are poorly understood. Triplications have remained an enigma, potentially because of both a paucity of subjects reported in the literature and experimental challenges to breakpoint determination; the latter information is required to infer mechanism. We have recently reported a cohort of 30 subjects with MECP2 duplications in which we identified 6 subjects (20%) with a triplicated segment embedded within the duplication 1 . Preliminary molecular characterization of three tandem duplications has shown microhomology in two cases (3-4 bp long). Breakpoints from one triplication suggest that inversion accompanies triplication formation, but the mechanism for formation of complex duplication and triplication has perplexed us. Our observations led us to hypothesize that a replication-based mechanism, such as break-induced replication (BIR) [2] [3] [4] [5] [6] , fork stalling and template switching 7, 8 and/or microhomology-mediated BIR (MMBIR) 5, 6 , underlies formation of complex rearrangements including triplications and inversions. We also hypothesized that triplication involving dosage-sensitive genes, such as MECP2, could produce a more severe clinical phenotype than duplications 9 . Therefore, to obtain further insight into the mechanism of triplication formation, and to learn how triplications affect the clinical phenotype, we studied nine subjects from eight families with unique duplication and triplication rearrangements encompassing the MECP2 gene. Notably, our data show a rearrangement product with shared structural features ( Fig. 1) , suggesting a common mechanism for complex duplication-triplication formation. Further analysis supports a role for a replication-based mechanism that relies on the presence of low copy repeats (LCRs) in an inverted orientation. We also observed the same structural pattern for rearrangement products in subjects with triplications embedded in duplications at the PLP1 locus in chromosome Xq22, suggesting that the same specific mechanism might underlie triplication formation at other loci in the human genome.
Inverted genomic segments and complex triplication rearrangements are mediated by inverted repeats in the human genome A r t i c l e s The severity of disease observed in subjects with triplication was positively correlated with the copy-number status of MECP2 and IRAK1 in multiple subjects, further confirming observations from case reports 9 . Our findings elucidate a common structure, DUP-TRP/INV-DUP, as a potential outcome for human genome rearrangements that use inverted repeats as substrates for recombination. We further observed that an incremental increase of MECP2 dosage from two to three copies led to a more clinically severe phenotype with additional new clinical characteristics.
RESULTS

Triplications embedded in duplications spanning MECP2
We previously identified six complex rearrangements (triplications embedded within duplications) in a cohort of 30 subjects with MECP2 duplication by high-resolution human genome analysis using customized high-density aCGH 1 . We identified an additional four subjects with a complex DUP-TRP-DUP pattern by aCGH, suggesting that complex rearrangements are a relatively frequent outcome of genomic alterations at this locus. We systematically investigated these complex rearrangements to characterize the molecular features of the rearrangement product. In total, we studied nine subjects with triplications embedded in duplications; in five cases MECP2 was included within the triplicated segment ( Fig. 2a) .
Both triplication and duplication sizes were unique in each family and ranged from 41 kb to 537 kb and from 444 kb to 5.7 Mb, respectively. The triplicated region included the entire MECP2 gene in five subjects: BAB2797, BAB2801, BAB2805, BAB3053 and BAB3114 ( Fig. 2a) . Oligonucleotide aCGH showed that all of the complex rearrangements were inherited from a carrier mother, except for subject BAB3053, who harbored a translocation to chromosome Yq11.22.
The breakpoint at Yq11.22 was not precisely mapped owing to the paucity of unique sequences on the Y chromosome.
We independently confirmed genomic triplications in each of the nine subjects by both multiplex ligation-dependent probe amplification (MLPA) and FISH ( Supplementary Fig. 1 and data not shown). The mothers and grandmothers, when available for study, were tested by both aCGH and MLPA and were shown to carry the same complex rearrangement as their sons or grandsons in all but one family, in which the mother presented a de novo complex rearrangement (pedigree HOU1217, Fig. 2b ). X-chromosome inactivation (XCI) studies showed 100% advantageously skewed XCI patterns in all carrier females tested (data not shown), consistent with preferential 
Genomic gains originate from one chromosome homolog
To test for potential interchromosomal exchanges during rearrangement product formation, we evaluated marker haplotypes from the genomic interval spanning the complex rearrangement using the Illumina HumanOmni1-Quad microarray. Notably, all subjects except BAB3053 lacked heterozygosity for all SNPs tested using this platform, including SNPs localized to both duplicated and triplicated genomic intervals ( Supplementary Fig. 3 and Supplementary Table 1 ). Subject BAB3053 carried a translocation of MECP2 sequences to Yq11 and had multiple heterozygous SNPs, suggesting that this complex rearrangement was generated by a distinct mechanism. The lack of heterozygosity observed in all nontranslocation DUP-TRP-DUP products suggests that the substrate(s) for these complex genomic rearrangements originated from a single chromosome. This contention is supported by the results obtained in family HOU1217, in which subject BAB3114 inherited the complex rearrangement from his mother (BAB3115), who was a de novo carrier. SNP array analysis showed that the segment to which the rearrangement maps was inherited from subject BAB3114's maternal grandfather ( Supplementary  Fig. 4 and Supplementary Table 2 ), suggesting a premeiotic event during male gametogenesis.
Triplicated segments are inverted between the duplications
Complex rearrangements can be defined by multiple breakpoint junctions or join points that juxtapose discrete genomic segments. We used aCGH to identify genomic rearrangement complexity; however, this method provides information only about copy number, and not about orientation or genomic position. On the basis of aCGH results showing distinct transitions at gains of genomic intervals (that is, duplication versus normal, and triplication versus duplication), we initially hypothesized that there were at least four breakpoints per subject, two for transitions to and from duplications (proximal and distal) and two for transitions to and from triplications (proximal and distal; Figs. 1a and 2a) . However, the simplest hypothesis is that each of the two duplication or triplication breakpoints was joined during rearrangement formation, ultimately producing only two breakpoint junctions, designated breakpoint junctions 1 and 2 (jct1 and jct2, respectively; Fig. 1b) .
To test the latter hypothesis, we first sought to obtain breakpoint junctions by using both conventional and long-range PCR and by attempting to use primer pairs in all possible orientations; that is, inward-facing, outward-facing, forward and reverse primer pairs. These primers were designed at the apparent boundaries, denoted by transitions signifying a gain of each duplicated or triplicated segment relative to the reference genome as inferred from the aCGH results. In cases in which we did not obtain breakpoint junctions using this assay, we used alternative experimental approaches, including inverse PCR (iPCR) or Southern analyses, both of which do not rely on a preconceived notion of genome structure for the rearrangement.
We used Southern blotting to analyze the recurrent breakpoint junctions mapping to the inverted repeat pair of LCRs, K1 and K2, which is involved in six out of eight independent complex rearrangements in our cohort ( Fig. 2a ). We carried out this assay as described 10 ; for males, we expected either a 30.7-kb band, corresponding to a reference-size structural variation haplotype (H1), or an 18.2-kb band, corresponding to a polymorphic inversion of the region flanked by LCRs K1 and K2, which is present in 18% of the population of European descent 10 (H2; Fig. 3a ). Females could carry either one allele (30.7 kb or 18.2 kb) in the homozygous state or both alleles as heterozygotes (NA15510, Fig. 3b ). We were surprised that all male samples carrying duplicationtriplication involving LCRs K1 and K2 (BAB2772, BAB2796/BAB2980, BAB2797, BAB2801, BAB2805 and BAB3114) yielded the same pattern, consisting of two bands of 18.2 kb and 30.7 kb, corresponding to those usually observed with the H2 and H1 inversion haplotype structures, respectively. We surmised that the unexpected presence of both bands in all male subjects was a result of rearrangement formation, suggesting that all seven samples have a common jct1 structure. In addition, we expected to find an 18.2-kb band if the centromericflanking region (which contains the TKTL1 gene) was duplicated and inverted while still flanking LCRs K1 and K2 on either the reference (H1dup) or the inverted structure (H2dup) on the ancestral chromosome ( Fig. 3a) . Therefore, we hypothesized that the 18.2-kb band corresponds to jct1 and, by inference, that the 30.7-kb band corresponds to the ancestral state (H1 structure) in these chromosomes. We confirmed this hypothesis using the haplotype data obtained from SNP arrays; all subjects in our cohort carried the SNP haplotype associated with the H1 structure ( Supplementary Fig. 5 ).
We draw three conclusions from these experimental observations: (i) the inverted LCRs K1 and K2 probably mediated the rearrangements; (ii) the new segment copied (containing the TKTL1 gene) was inserted in an inverted orientation with respect to the original copy and (iii) a second event, probably represented by jct2, must have occurred to 'reverse' the inversion process. Supporting our experimental observations, a de novo complex rearrangement occurring in association with sporadic disease in family HOU1217 showed a novel formation of the 18.2-kb band in addition to the 30.7-kb band already present in all family members. As we anticipated, BAB2769 had a 30.7-kb band, corresponding to the reference structural H1 haplotype, but no 18.2-kb band, consistent with the fact that BAB2769 was the only sample for which the complex rearrangement did not include LCRs K1 and K2.
We obtained jct1 for subject BAB2769 by sequencing across the junction using reverse primer pairs positioned at the proximal ends of the duplication and triplication, respectively. Notably, the junction comprises two identical 149-bp segments, present as two small inverted repeats (856 bp) located 317.8 kb apart from each other in the haploid reference human genome sequence (Fig. 4) . These inverted repeats have 98% sequence identity. Thus, in all seven cases in which jct1 were identified, an inverted repeat was located at the breakpoint junction.
Jct2 in five of eight rearrangements (BAB2769, BAB2772, BAB2796/ BAB2980, BAB2797 and BAB2805) was obtained by PCR (regular, longrange or iPCR). For subjects BAB2772, BAB2796/BAB2980, BAB2797 and BAB2805, breakpoints were obtained using reverse primers at the proximal ends of the duplication and triplication, respectively. Jct2 in subject BAB2769 was obtained using forward primer pairs designed at the distal ends of the duplication and triplication, respectively. We first attempted routine PCR and then sequenced the PCR products. Three samples (BAB2801, BAB3053 and BAB3114) were refractory to all attempts to amplify a unique breakpoint junction.
We analyzed the breakpoint sequences of jct2 and found that the triplicated segment is inverted relative to the duplicated segment in all subjects (BAB2769, BAB2772, BAB2796/BAB2980, BAB2797 and BAB2805). We observed microhomologies of 2 to 4 nucleotides in two of five cases (BAB2772 and BAB2769, Fig. 4) ; in two cases, one nucleotide, A, or two nucleotides, AA, were inserted at the junction (BAB2797 and BAB2796/BAB2980); in one case (BAB2805), the junction was perfectly joined. In all five cases, one of the breakpoints occurred within or adjacent to a repetitive sequence element such as a short interspersed element (SINE) or a long interspersed element (LINE) ( Table 1) . We observed dissimilarities of a few nucleotides flanking the junctions in two cases (BAB2772, transversion C→G; BAB2805, deletion of one G, Figure 4 Rearrangement structure for subjects BAB2772, BAB2796/BAB2980, BAB2797, BAB2805 and BAB2769 based on aCGH, Southern blotting and breakpoint sequencing. (a) Genomic region harboring duplications and triplications spanning chromosome Xq28 according to aCGH. Duplications, red; triplications, blue. Dotted vertical arrows on top of rearrangements indicate position of breakpoints; inverted repeats involved in rearrangement are yellow arrowheads. Segments with copy-number gain, a-c. DUPp and TRPp, proximal transition or breakpoint of duplications and triplications, respectively; DUPd and TRPd, distal transition or breakpoint of duplications and triplications, respectively. (b) Individual genomic structure of region involved in rearrangement determined by analysis of breakpoint junctions 1 (jct1) and 2 (jct2) for each subject. Black asterisk, junction analyzed by Southern blotting (Fig. 3) ; all others were sequenced. Genomic positions of junctions are shown. Breakpoint junction sequences are color-coded to highlight segment of origin in reference genome (duplications, red; triplications, blue). Genomic segments involved, a-c; respective copy-number gains, a′-c′. Microhomologies observed at junctions, underlined black letters; insertions or mismatches at the junctions, green; deletions, dashes; mismatches between the reference sequences and subject sequences, green asterisks. 1 0 7 8 VOLUME 43 | NUMBER 11 | NOVEMBER 2011 Nature GeNetics A r t i c l e s Fig. 4) ; we interpret these dissimilarities as probable population polymorphisms that are not yet deposited in the dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/). Alternatively, there is evidence that the polymerase(s) involved in BIR are 'error prone, ' with poor processivity 3 at initiation followed by lower replication fidelity compared to normal DNA replication 11 . The jct2 for subject BAB2769 shows a break that we interpret as two template-switching events. The first event is represented by a GC microhomology that connects the distal duplication breakpoint to the distal triplication breakpoint; the second event is represented by a microhomology of CAGC accompanying a 23-bp deletion on the distal triplication side (Fig. 4) .
In summary, we analyzed two breakpoint junctions (jct1 and jct2) from each of five unrelated subjects with triplications embedded within duplications at the Xq28 chromosome and found a common structure: the triplication was inserted in an inverted orientation within the duplication (that is, DUP-TRP/INV-DUP). FISH experiments in subject BAB2805 showed a pattern consistent with this DUP-TRP/INV-DUP genomic structure (Supplementary Fig. 6 ). Furthermore, in all cases, one of the junctions of the rearrangement involved an inverted repeat pair, with the inverted genomic segments either closely approximated (38 kb) or separated by a sizable distance (>300 kb). We observed these shared genomic architectural features at breakpoints of all similar cases analyzed here.
Inverted repeats mediate triplication at Xq22 PLP1 region
We have provided evidence that inverted repeats of between 856 bp and 11.3 kb with at least 98% sequence identity and separated by ~38 kb to ~318 kb can mediate complex triplications (DUP-TRP/INV-DUP) at the MECP2 locus, and that the genomic rearrangement probably involves only one chromosome homolog. We applied these emerging 'rules' to reanalyze the breakpoint junctions of earlier DUP-TRP-DUP cases involving the PLP1 locus at chromosome Xq22 (refs. 7,12; Table 1 and Supplementary Fig. 7) . Notably, all three cases present the same pattern observed in DUP-TRP-DUP cases at chromosome Xq28: that is, clustering of distal duplication and triplication breakpoints at a pair of inverted repeats (jct1) with high identity between each paralogous segment (~98.9% sequence identity, in this case separated by ~64 kb) plus scattered proximal breakpoints (jct2). Additionally, sequencing of the proximal triplication breakpoint junction (jct2) in subject BAB1612 exhibited inversion in regard to the reference genome and connection to the proximal duplicated segment, consistent with a DUP-TRP/INV-DUP structure. NA, not available. DUP, duplication, TRP, triplication; Prox TRP, proximal triplication junction; Dist TRP, distal triplication junction; Prox DUP, proximal duplication junction; Dist DUP, distal duplication junction; dist brkpt, distal breakpoint; prox brkpt, proximal breakpoint; IRs, inverted repeats. As defined in this study, jct1 and jct2 are join points of duplications and triplications produced in the same molecular event. In this table, they were arbitrarily assigned to each of the two duplication/triplication join points of complex rearrangements published earlier.
A r t i c l e s
Phenotypic consequences of DUP-TRP/INV-DUP
The complex DUP-TRP/INV-DUP products varied in size for both triplicated and duplicated intervals (Fig. 2a) . In the case of complex Xq28 genomic rearrangements, the MECP2 gene was either duplicated or triplicated. This distinction provided an opportunity for us to assess the phenotypic consequences of incremental increases in MECP2 gene dosage. We mapped the MECP2 gene entirely within the triplicated genomic interval in five subjects with the complex DUP-TRP/INV-DUP rearrangement. Similar to observations in an earlier case report 9 and in subjects without precise breakpoint-junction mapping 13 , the phenotype associated with MECP2 triplication was clinically more severe than that observed for MECP2 duplication. Clinical findings, including early respiratory insufficiency with an oxygen or ventilation requirement, early dysphagia and requirement for a feeding tube, hearing loss and minor cardiac defects were much more commonly observed with MECP2 triplication (100%) compared with MECP2 duplication (0-25%; Supplementary  Table 3 ; see Supplementary Note for complete clinical descriptions), a robust observation even when compared with the collective published data on boys with MECP2 duplication 13 . Moreover, we observed polyhydramnios and intestinal pseudo-obstruction only in subjects with triplication. Notably, subjects BAB2805 and BAB3114 were reported to have Xq28 MECP2 duplications by the diagnostic laboratories that carried out their clinical chromosome microarray analysis. We correctly anticipated that the MECP2 gene was triplicated in subjects BAB2805 and BAB3114 on the basis of the observed clinical phenotype. Routine clinical diagnostic testing correctly identified Xq28 MECP2 triplication in the remaining three children with MECP2 triplications.
DISCUSSION
In repeated independent cases of complex rearrangement at the MECP2 locus, we show that the genomic rearrangement structure DUP-TRP/INV-DUP is associated with a specific and common pattern of underlying genomic architecture, namely the presence of inverted repeats separated by distances of up to hundreds of kilobases, including one pair too small (<1 kb) to be called segmental duplication under the current definition 14 . We show that these complex rearrangement events seem to involve a single X-chromosome homolog, in the male germline, that generates carrier daughters and affected grandsons. The involvement of a single homolog is consistent with studies of copy-number gain in other X-chromosome loci including duplications involving the DMD locus 15 and PLP1 (ref. 16 ). Furthermore, we provide evidence that DUP-TRP/INV-DUP occurring at the PLP1 locus is also associated with underlying invertedrepeat genomic architecture.
Whereas many genomic disorders result from copy-number variation (CNV) owing to either duplication or deletion at a given locus, our data show that triplication of MECP2 conveys a more severe, distinct and clinically recognizable syndrome.
A genomic footprint shared by embedded triplications
We observed triplications embedded in duplications in ~20% of the rearrangements involving MECP2 copy-number gain 1 . Triplications have been observed in two of nine subjects 17 and in two of four subjects 18 in earlier studies. Our data show that triplications embedded in duplications at chromosome Xq28 share a common structure, suggesting a common formation mechanism. This mechanism (i) requires two breakpoint junctions; one (jct1) invariably maps within inverted repeats with at least 98% sequence identity that can be separated by up to hundreds of kilobases, and the second (jct2) is scattered and does not occur at sites of sequence homology; (ii) the triplicated segment is inserted in an inverted orientation between duplicated sequences in direct orientation (one of the copies in direct orientation corresponds to the original copy); (iii) the second breakpoint junction presents no extensive homology, although some microhomologies may be found at the junction (for example, BAB2769); (iv) all extra segments (duplications and triplications) apparently originate from only one chromosome. We observed the same pattern in subjects carrying triplications embedded in a duplication reported at the PLP1 locus ( Table 1 and Supplementary Fig. 6 ), suggesting that the mechanism A r t i c l e s producing triplication at chromosome Xq28 is also responsible for triplication formation elsewhere in the genome.
Formation of triplications embedded in duplications
We propose that DUP-TRP/INV-DUP complex rearrangements are formed by a combination of homology-directed BIR with MMBIR or nonhomologous end joining (NHEJ; Fig. 5 ). BIR uses homologous recombination to restart a collapsed (broken) replication fork [2] [3] [4] [5] [6] . During this process, a 3′ tail at the broken DNA end invades the sister molecule from which it broke. The 3′ end primes DNA synthesis and forms a replication fork. BIR, in the cases discussed here, occurred nonallelically (ectopically), using the homology of the inverted LCR. This has the effect of synthesizing a length of chromatid back in the opposite direction from which the fork had been traveling, forming a large inverted duplication. This would probably not lead to a healthy viable cell unless a second compensating inversion event occurred. If the reversed replication fork again collapsed, or if there were a double-strand break (DSB) in the chromatid carrying the inverted duplication, then a new DNA end would exist. This end could again be repaired by BIR. However, in the subjects we studied, rejoining did not use homologous sequence. Instead, ends joined in inverted orientation to the unchanged chromatid by NHEJ 19 (if there was a second break) or by a replicative mechanism such as MMBIR 5 or breakinduced serial replication slippage (BISRS) 20 . These mechanisms may substitute for BIR when, for any reason, homologous recombination repair is unavailable. Such mechanisms yield the nonhomologous or microhomologous joints that we see, including the complexities of events attributed to MMBIR. The complex microhomologous events observed in BAB2769 (Fig. 4) are characteristic of events attributed to MMBIR 1, 5, 7, 21, 22 . If this second inverted joint linked the duplication-carrying chromatid to the intact sister chromatid in direct orientation so that it compensated for the first inversion, and if the joint occurred beyond the length already duplicated, then a triplication embedded in duplication would result (Fig. 5) . We interpreted six of the seven events reported here as initiating from replication forks oriented away from the centromere; the seventh event commenced from a fork oriented toward the centromere. However, the sequence of events in the two configurations is the same. This mixture of orientations indicates that a dicentric intermediate was not necessary in this process. Thus, we propose a two-step mechanism of BIR followed by a nonhomologous or microhomologous mechanism, probably occurring during phase S or G2 in a single premeiotic cell in a male gonad.
The relevance of this model for formation of triplications in other parts of the genome and for formation of novel inversions is still unknown. Duplications embedded in triplications inserted in inverted orientation have been reported, such as triplication encompassing chromosome 9q34 (ref. 23 ) and large interstitial triplications associated with inversions detected by FISH ( 26 ). The co-occurrence of triplications and inversions in other genomic disorders suggests that this mechanism may underlie triplication formation at other sites of the human genome.
Inverted repeat genome architecture
There is evidence that inverted repeats and palindromes can interfere with the replication process and lead to chromosomal rearrangements. Replication of the palindromic-laden human rRNA gene array has been studied using DNA molecular combing in HeLa cells, indicating fork arrest associated with palindromic structures 27 .
Inverted Alu repeats close enough to form hairpins can cause a replication blockage in Escherichia coli, yeast and mammalian cells in a homology-dependent manner 28 . The inverted repeats involved in the rearrangements observed in our cohort are not palindromes, as the spacer distance is too long; therefore, so far there is no evidence that in these cases secondary structures such as hairpin and cruciform cause fork stalling or fork collapse. However, our data add evidence that inverted repeats, even at a distance, can lead to rearrangements and contribute to local instability in the human genome.
Recently, fusion of nearby inverted repeats has been observed in budding yeast 29 , and similar events have been observed in fission yeast 30 . Formation of dicentric and acentric fragments in budding yeast leads to further chromosome instability 29 , and formation of dicentric and acentric chromosomes follows replication fork arrest within palindromes 30 . There is no evidence that either DSBs or homologous recombination proteins are involved in this process, which is stimulated upon disruption of DNA replication 29 . The mechanism proposed 29 , "faulty template switching," relies on homology between the inverted repeats to restart a stalled fork that has undergone a fork reversal; if the nascent strand pairs with the nearby inverted copy, then this will lead to an inverted repeat fusion and to the formation of an unstable dicentric chromosome prone to undergo further rearrangements 29 . Notably, similar to our data, the inverted repeats involved could be several kilobases apart and share sequence nucleotide identity as short as 20 bp. It remains unknown whether fork reversal of inverted repeats, brought close either by a replication factory 31 or by long-distance transcriptional regulatory complexes, or collisions between 'head-on' and/or codirectional replication transcriptional conflicts 32, 33 can stimulate fork collapse associated with inverted repeat-directed DUP-TRP/ INV-DUP formation.
In conclusion, inverted LCRs in the vicinity of MECP2 mediate genomic disorder-associated complex rearrangements with the genomic structure DUP-TRP/INV-DUP. Furthermore, this structure also occurs at the PLP1 locus in association with inverted repeats. This genomic instability probably applies within hundreds of kilobase pairs of inverted repeats in the human genome. Moreover, structural variation in personal genomes may lead to specific structural haplotypes that are more susceptible to the events reported here. Notably, inversion during rearrangement formation can generate considerable complexity with only two breakpoint junctions. Furthermore, multiple genic changes (for example, gene interruptions, fusions and dosage changes) can evolve with a single mutational event, suggesting that complex genomic rearrangements such as DUP-TRP/INV-DUP may have an important role in evolution.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/.
Note: Supplementary information is available on the Nature Genetics website.
